The evolution of the charge carrier concentrations and mobilities are examined across the charge-density-wave (CDW) transition in TiSe 2 . Combined quantum oscillation and magnetotransport measurements show that a small electron pocket dominates the electronic properties at low temperatures whilst an electron and hole pocket contribute at room temperature. At the CDW transition, an abrupt Fermi surface reconstruction and a minimum in the electron and hole mobilities are extracted from two-band and Kohler analysis of magnetotransport measurements. The minimum in the mobilities is associated with the overseen role of scattering from the softening CDW mode. With the carrier concentrations and dynamics dominated by the CDW and the associated bosonic mode, our results highlight TiSe 2 as a prototypical system to study the Fermi surface reconstruction at a density-wave transition. * Sven.Friedemann@bristol.ac.uk arXiv:1911.01945v1 [cond-mat.str-el]
The electronic properties of transition metal dichalcogenides (TMDs) are of fundamental and practical interest. Many TMDs can be tuned between semimetallic, semiconducting, and insulating behaviour and thus allow to access a plethora of different electronic characteristics.
In addition, ordered states, e.g. due to charge-density-wave (CDW) formation [1, 2] or superconductivity [3, 4] are present in many members of the family with open questions on the mechanism leading to these ordered states. Many of these TMDs can be exfoliated to atomic monolayers providing new tuning parameters and novel physics through the reduced dimensionality [5] [6] [7] . TiSe 2 is a prototypical material for strong electronic interactions driving the CDW formation via a condensation of excitons, i.e. pairs of electrons and holes [8, 9] . Experimental and theoretical work have confirmed the relevance of the excitonic mechanism [10] [11] [12] which is widely accepted to work in cooperation with strong electron-phonon coupling [13] [14] [15] .
Above the CDW transition temperature T CDW = 202 K, TiSe 2 is characterised by small carrier concentrations stemming from up to three selenium-derived hole-like bands with cylindrical topology at the Γ-point and a titanium-derived electron band with distorted and tilted ellipsoid topology present with 3-fold multiplicity at the L-point [16] [17] [18] [19] [20] . Whether these bands overlap in energy or have a band gap remains uncertain. Either way, the overlap or gap is small or comparable to thermal energies down to 50 K. Thus, thermal population and shifts of the chemical potential are expected to be relevant [8, 19, 21, 22] .
Below the CDW transition temperature, the electronic structure of TiSe 2 is dominated by a small electron pocket. This is obvious from ARPES measurements at very low temperatures [18] . Recent studies find evidence for the excitonic mechanism from out-of-equilibrium measurements of the transient CDW melting [13, 14] . Knowledge of how the electronic structure and electron dynamics evolve upon thermally melting the CDW in equilibrium, however, are outstanding. In fact, several studies suggested that the Fermi surface reconstruction from the CDW order and scattering associated with the CDW mode has a negligible effect on the electronic structure and dynamics [8, 19, 21] . Rather, these studies suggested the electronic structure and dynamics to be dominated by thermal occupation effects. In the past, studies of the charge carrier concentration were based on a single-band analysis of Hall effect measurements despite the evidence for two bands being present while no measurements of the electron dynamics across T CDW have been reported [23] .
Here, we use high-resolution magnetotransport and quantum oscillation (QO) measure-ments to extract the temperature dependence of the charge carrier concentration and mobility of the electron and hole band. We directly observe one quasi-ellipsoid Fermi surface at low temperatures which is identified as an electron pocket. This electron pocket and a hole pocket grow rapidly above 150 K showing evidence of an abrupt Fermi surface reconstruction at T CDW with a reduction of charge carrier concentration by more than 75 % compared to room temperature. At the same time, we observe a minimum in the mobility on both the electron and hole pocket at T CDW highlighting the importance of scattering from the CDW forming phononic and/or electronic modes.
We use high-purity samples grown at a low growth temperature of 580 • C by the established CVT method as detailed in sec. S I of the Supplemental Material. Our samples show a CDW transition at T CDW = 202 K consistent with high-quality samples used in other studies [8, [24] [25] [26] [27] .
The low-temperature electronic structure of our TiSe 2 samples is dominated by an electron pocket. This is evident from the combination of quantum oscillation measurements and magnetotransport. The QO data shown in Fig. 1 show a single frequency F = 0.26 kT for magnetic fields parallel to the crystallographic c direction, i.e. an orbit parallel to the basal plane. The increase of this frequency for orbits out of plane is best fitted by an ellipsoid shape (cf. S III of the Supplemental Material). This pocket is naturally associated with the electron pocket observed at the L-point by ARPES studies [18] . In particular, the ellipsoid form used to fit the angular dependence of F (θ) is consistent with the 6-fold symmetry dictated by the low-temperature reconstruction of the Brilloiun zone where the L-point is folded back to the Γ-point [18, 19] .
Magnetotransport measurements confirm the electron-dominated character of our samples at low temperature as can be seen from the negative Hall resistivity ρ xy in Fig.2 
(a).
Consistent with earlier reports [8, 28] , ρ xy changes sign smoothly around 190 K (cf. Fig. S2 of the Supplemental Material). The magnetoresistivity ρ xx (B) shown in Fig. 2 (b-e) is small and positive following a quadratic field dependence. We have optimised samples for highresolution resistivity measurements in order to trace the field dependencies ρ xy (B) and ρ xx (B) over the entire temperature range 25 K to 300 K. The accuracy and high resolution of our measurements enable a detailed analysis of the magnetotransport. Motivated by the theoretical band structure and ARPES measurements showing the possibility for an electron and hole pocket at high temperatures, we use a two-band model to simultaneously The charge carrier concentrations n e , n h and mobilities µ e , µ h for the electron and hole Solid lines correspond to simultaneous two-band fits of both resistivities according to eqs. (S1) and (S2) as described in S II of the Supplemental Material.
band respectively are shown in Fig. 3 . The low-temperature value of n e is in good agreement with our QO data and previous ARPES studies as summarised in Tab. I and thus confirms the association of the observed QO frequency with the electron pocket. Also, the Sommerfeld coefficient γ = 0.18 mJ mol −1 K 2 expected for the electron ellipsoid pocket with the parameters extracted from the QO data is in very good agreement with specific heat capacity measurements [29] . This highlights the dominance of the electron pocket at low temperatures. The hole concentration extracted within the two-band model is very small at lowest temperatures and is likely to correspond to impurity states as indicated by the low hole mobility. We note that a free-electron single-band model cannot describe the lowtemperature magnetotransport. Most notably, the Hall coefficient R H = −3.1 × 10 −7 m 3 C −1 measured at lowest temperatures does not match with a free electron type estimate for the electron pocket based on the QO results of R QO H = −1.75 × 10 −7 m 3 C −1 . At room temperature the electron and hole concentrations n e and n h are comparable in magnitude (cf. Fig. 3(a) ). Above T CDW , n e and n h are associated with the 3D-like electron pocket at the L point and the 2D-like hole pocket at the Γ point as seen by ARPES studies [17, 18] . The small linear temperature dependence of n e (T ) and n h (T ) above 210 K (dotted lines in Fig. 3(a) ) is attributed to the varying thermal occupation of the two bands similar to the model of Watson et al. [21] . The slope of n e (T ) and n h (T ) at T ≥ T CDW suggests a mass comparable to the free-electron mass for the electron band. The linear behaviour at high temperatures extrapolates to finite intercepts for both bands -these finite intercepts suggest an energy overlap, i.e. not a gap, of the hole and electron band in the high-temperature phase above T CDW . T i S e 2 h o l e b a n d e l e c t r o n b a n d in charge carrier concentrations may be accelerated by a shifting chemical potential in response to the loss of electron states [22] . The temperature dependence of n e (T ) and n h (T ) can be described by an activated behaviour below T CDW as shown by the dashed lines in Fig. 3(a) . The difference ∆n = n(T CDW ) − n(T = 0) = 4.2(2) × 10 25 m −3 marks the loss of charge carriers and thus the density of electron-hole pairs. The exponential form yields a gap ∆ CDW = 75(1) meV, an energy scale consistent with T CDW = 202 K. The fact, that the exponential form fits the data even close to T CDW suggests a finite gap up to T CDW . A finite gap at T CDW has indeed been seen in ARPES studies [30] [31] [32] where the total gap is a sum of a BCS-like temperature dependent gap with an onset at T CDW on top of a weakly temperature dependent offset ∆ off ≈ 70 meV associated with incoherent electron-hole pair fluctuations. Our exponential fits are dominated by the temperature dependence of n(T ) just below T CDW where the sum of the gaps is dominated by ∆ off . The exponential form of n e (T ) and n h (T ) up to T CDW and the good agreement of the gap value with ∆ off suggests a finite gap present above T CDW potentially due to fluctuating electron-hole pairs that condense at T CDW consistent with ARPES studies finding small intensity from backfolded bands above T CDW [11] .
The Fermi-surface reconstruction is further supported by a Kohler analysis [33] presented in Fig. 4 . The magnetoresistance follows a quadratic field dependence at T ≥ 50 K. However, the quadratic coefficient (Kohler slope) K shows a pronounced temperature dependence (cf. Fig. 4(b) ). Above 210 K, K is virtually constant and accordingly curves of MR vs (µ 0 H/ρ 0 ) 2 collapse in Fig. 4(a) . Below T CDW , however, K rises very abruptly by more than an order of magnitude, passes a maximum at 150 K and saturates at a low-temperature value about double the room temperature value.
The violation of Kohler scaling, i.e. the sharp rise and strong temperature dependence of K below T CDW can be due to a reconstruction of the Fermi surface or an abrupt change in the anisotropy of the scattering time including an abrupt change in the ratio of the scattering times of the electron and hole band. We can rule out an abrupt change in the ratio of the scattering times as this would manifest in an abrupt change of the ratio µ h /µ e of the mobilities of the two bands which is not observed (Fig. 3(c) ). An abrupt change in the anisotropy of the scattering time on the individual pockets is also unlikely to occur independent from the CDW formation and can only arise from an abrupt change of the phonon spectrum (for electron-phonon scattering) or electron spectrum (for purely intra- band scattering). A change of the phonon spectrum is expected at the CDW transition and is linked to the formation of the new lattice periodicity which in turn is connected to the Fermi surface reconstruction through the electron-phonon coupling. Thus, the sudden change of K at T CDW is associated with a sudden reconstruction of the Fermi surface. This is in agreement with the sudden drop of the charge carrier concentrations ( Fig. 3(a) ).
The mobilities of the individual bands show very strong and non-trivial temperature dependencies Fig. 3(b) . At room temperature, the hole mobility is larger than the electron mobility whilst this is reversed at lowest temperatures. Both mobilities have a minimum at T CDW naturally associated with strong scattering from the softening mode associated with the CDW formation. Indeed, the temperature dependence of the mobilities show a dip similar in shape to the energy dependence of the L-point phonon mode [34] .
As noticed by Velebit et al. [23] , the mobilities of the two bands are roughly equal at T CDW as shown in Fig. 3(c) . This equality highlights that scattering from the L-point mode is the dominant process as the phase space for scattering from the electron to the hole band involves the density of states in both bands and the electron-phonon coupling.
The temperature dependence of the separated electron (σ e ) and hole (σ h ) conductivity are presented in Fig. 5 . Each shows a minimum around ≈ 170 K and ≈ 120 K, respectively.
The total conductivity σ t = σ e + σ h and the total resistivity ρ t = 1/σ t are dominated by σ e and σ h in different temperature regimes. The comparison of the thus calculated ρ t and the measured ρ xx in Fig. 5(a) highlights the accuracy of the parameters extracted from the two-band fits.
From the temperature dependencies of the individual and total conductivities we identify that (i) at high temperatures holes dominate the conductivity and (ii) the negative dρ/dT above T CDW is a consequence of the hole mobility increasing with temperature above where only small portions of the Fermi surface are matched by the ordering wave vector and only these "hot" parts experience strong scattering [35, 36] . Rather, the larger parts of the Fermi surface without scattering related to the CDW mode, i.e. "cold" parts shorten the "hot" parts and obscure the increased scattering. Thus, TiSe 2 is a prototypical system to study the effects of a Fermi surface reconstruction arising from a charge-density wave. These results will be relevant to understand systems like cuprate and iron-pnictide superconductors [37, 38] .
S I. SAMPLE PREPARATION
Single crystals were grown by chemical vapour transport (CVT) inside an evacuated quartz ampoule using iodine as the transport agent. The starting materials consisted of high purity titanium (> 99.9 %) and selenium (> 99.9 %) powders, and iodine (> 99.9 %) pellets. Excess selenium was included to encourage the growth of stoichiometric samples [1] .
Like all growth methods for TiSe 2 employed so far a small level of defects and/or doping influences the electronic properties. Even in the most optimised conditions CVT grown samples show electron doping from iodine substitution on the selenium site and additional titanium as intercalation [1, 2] . Alternative growth methods avoiding iodine show semiconducting behaviour and weak localisation [3] [4] [5] . Despite the variation in electronic ground state, the CDW transition has been established for samples grown with different methods.
In particular, the transition temperature is identical at T CDW = 202 K for iodine-and selfflux grown samples with low doping levels as achieved at low growth temperatures [5] . Samples from 2 batches were used for QO measurements. The data in Fig. 1 of the main manuscript were collected on a sample from a batch grown previously by Wilson et al. [6] . Measurements on samples from the same piece used for the transport studies show an identical quantum oscillation frequency and an identical mean free path was obtained from the Dingle fit (cf. Fig. S3 ).
Measurements of ρ xx and ρ xy were conducted in a variable temperature insert with a Cernox temperature sensor with negligible magnetoresistance in the temperature range T ≥ 25 K leading to a relative error of ρ xx (B) less than 3 × 10 −5 . A temperature stability of better than 3 mK was achieved over the full temperature range.
S II. 2-BAND ANALYSIS
A two-band model is used to simultaneously fit the longitudinal and Hall resistivity, ρ xx (B) and ρ xy (B). In order to take into account the fixed doping level (from iodine substitution) of otherwise compensated TiSe 2 we rewrite the two-band model in terms of a total charge carrier concentration n d = n h − n e as the balance of hole and electron charge carrier concentrations n h and n e , respectively.
The mobilities of the hole and electron band are given by µ h and µ e , respectively, e denotes the absolute value of the electron charge, µ 0 the vacuum permeability, and H the magnetic field.
Starting values for the fitting of the two-band model were identified from separated hole and electron conductivities at lowest temperature using a Kramers-Kronig transformation as employed for the mobility spectral density analysis [7] . We determined n d 1.5 × 10 25 m −3 from the fits at lowest temperatures T ≤ 50 K and fix this value for all temperatures.
S III. ANALYSIS OF ANGULAR DEPENDENT QUANTUM OSCILLATION FREQUENCY
The angular dependence of the quantum oscillation frequency F (θ) shown in Fig. 1(d) of the main manuscript has been fitted to a model ellipsoid Fermi surface shape with an in-plane semi-axis k ab and an out-of-plane semi-axis k c using F (θ) = F ab × r √ r 2 cos 2 θ + sin 2 θ (S3) where the in frequency for in-plane orbits is given by
with an in-plane cross section A ab = πk 2 ab and the ratio of the semi-axes r = k c /k ab . 
